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The phase diagrams of Ucon 50-HB-5100 (Ucon) + ammonium sulfate (NH4)2SO4 + water, Ucon 50-HB-
5100 + poly(vinyl alcohol) 10000 (PVA 10000) + water, Ucon 50-HB-5100 + hydroxypropyl starch (Reppal
PES 100) + water, and poly(ethylene glycol) 8000 (PEG 8000)-PVA 10000 systems were determined at
22 °C. Measurements at 30 and 40 °C were also done for each Ucon-salt system. A linear regression was
used to calculate the slope and standard deviation for each tie line. The standard deviations are in most
situations lower than 0.1, and the tie-line slopes for each phase diagram vary within 5.5% around the
medium value for all cases with the exception of the Ucon + (NH4)2SO4 + water system at 40 °C. The
phase diagrams of the Ucon + (NH4)2SO4 + water system at different temperatures were shown to have
a smaller amount of salt and polymer than conventional systems and to be thermoseparating, versatile,
and particularly attractive, since phase formation is temperature-dependent. The phase diagrams of Ucon
+ PVA 10000 + water, Ucon + PES + water, and PEG + PVA 10000 + water systems were very similar,
since high polymer concentrations (PES or PVA 10000) are required to form the two phases.
Introduction
Aqueous two-phase systems (ATPS) were for the first
time reported by Beijernick1 when he found that a mixture
of gelatine and starch could form two phases. Albertsson
and co-workers reinvestigated and studied the ATPS
thoroughly and developed several applications in the field
of separation.2 Since then many researchers have been
devoted to the study of ATPS and their applications. There
exist three classes of aqueous two-phase systems: polymer
+ polymer + water, polymer + salt + water, and ther-
moseparating systems.
The polymer + salt + water systems are most widely
used for large-scale and laboratory-scale extraction.3-5 The
protein partitioning in poly(ethylene glycol) (PEG) + salt
+ water systems is partly an effect of salting out of the
protein from one of the phases.
Aqueous solutions of a thermoseparating polymer can
form an aqueous two-phase system when incubated above
the lower critical solution temperature (LCST). EOPO
(ethylene oxide + propylene oxide) copolymers are such a
kind of thermoseparating polymers that form a relatively
concentrated polymer phase and a water phase at temper-
atures above the LCST. The water phase contains a larger
number of molecules than the polymer enriched phase.
Biomolecules prefer the phase having more molecules for
entropic reasons.6 The EOPO + water system is more
suitable for the partitioning of amino acids and peptides
than of proteins.7 For the purification of proteins, the
hydrophobically modified EOPO polymer can be used,8
since this polymer forms a less concentrated phase after
separation.
Of the two-polymer systems, the PEG + dextran + water
system9,10 has been more thoroughly studied, and it has
been extensively used to characterize the partition mech-
anisms of biomolecules9,11 and purify biomaterials on the
laboratory scale. Another two-polymer system, PEG +
starch + water, was widely used in large-scale applica-
tions.12 Starch derivatives such as hydroxypropyl starch
have been shown to be suitable substitutes for dextran.13-15
The results obtained for these two types of systems were
similar, but the starch derivatives have the advantage of
decreasing the cost of the bottom phase polymer.
Random copolymers of ethylene oxide (EO) and propy-
lene oxide (PO) can be used as substitutes for PEG. The
advantage of using EOPO copolymers is that the polymer
can be easily recovered after use due to the thermosepa-
rating properties.16-18 When introducing these EOPO
copolymers into the conventional polymer + polymer +
water or polymer + salt + water systems, a large amount
of hybrid ATPS can be generated. These hybrid systems
are of more attractive characteristics than the traditional
ones when being used in separation processes. We are
focusing most of our attention on these systems.
In this work, Ucon 50-HB-5100, an EOPO random
copolymer of 50% ethylene oxide and 50% propylene oxide
(mass) with an average molecular weight of 3900 (Mr), was
selected as one of the phase-forming substances to form
ATPS with (NH4)2SO4, poly(vinyl alcohol) (PVA 10000), or
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hydroxypropyl starch (Reppal PES100) as another phase-
forming species. The phase diagrams of these thero-
moseparating Ucon-based systems together with the poly-
(ethylene glycol) (PEG 8000) + PVA 10000 + water system
are presented in this paper.
Materials and Methods
Chemicals. Ucon 50-HB-5100 (Ucon), a random copoly-
mer (with average molecular weight Mr ) 3900) of 50%
ethylene oxide and 50% propylene oxide, was obtained from
Union Carbide (NY), poly(vinyl alcohol) (PVA 10000, Mr )
10 000, 88% hydrolyzed) from Scientific Polymer Products
(NY), and hydroxypropyl starch (Reppal PES100, Mr )
100 000) from REPPE AB (Sweden). Other chemicals are
of analytical reagent grade. All polymer and salt concen-
trations are given as mass fractions.
Aqueous stock solutions of PEG (PEG mass fraction )
0.4), salt (salt mass fraction ) 0.4), PVA 10000 (PVA 10000
mass fraction ) 0.3), and Reppal PES 100 (PES 100 mass
fraction ) 0.4) were prepared, respectively, prior to the use
in ATPS.
Aqueous Two-Phase Systems. The systems were pre-
pared by adding appropriate masses of the phase-forming
substances (pure Ucon or PEG stock solution as one phase-
forming species, salt, PVA 10000 or Reppal PES 100 stock
solution as another one) into a tube. Water was finally
added to make a 10 g system for the Ucon-salt system or
a 15 g system for the systems Ucon + PES100 + water
and Ucon + PVA + water. After that, the systems were
vigorously mixed to become turbid and then placed over-
night (g12 h) in a temperature controlled bath (B. Braun,
Frigomix S with an uncertainty of (0.1 °C) at the required
temperature. The top and bottom phases were collected for
characterization.
Phase Diagram Determination. A phase diagram is
constituted by a binodal curve and tie lines. The binodal
curve represents the borderline between the one-phase and
two-phase regions. The tie line describes the compositions
of the two phases in equilibrium. The tie-line length (TLL)
is defined as
where wiT and wiB represent the mass fractions of phase-
forming component i in top and bottom phases, respec-
tively. The plait points were obtained by connecting the
midpoints of tie lines and then extrapolating this midpoint
curve to the binodal.
The phase diagram of Ucon + (NH4)2SO4 + water was
determined by titrimetry and refractive index measure-
ments of the phases. The refractive index method was used
to determine the total concentrations of Ucon and (NH4)2-
SO4 in the top and bottom phases, respectively. Standard
curves (mass fraction up to 0.05) for the refractive index
of Ucon and (NH4)2SO4 were determined respectively using
a refractometer 3T (Atago-Japan). The determination was
done at 25 °C in a temperature controlled bath (B. Braun,
Frigomix S with an uncertainty of (0.1 °C). Since the
refractive index of a polymer and salt solution at a low total
mass fraction (i.e., <0.10) is additive,9 a proper dilution
(usually 3- to 5-fold) of the phases is necessary to determine
the refractive index. Since the concentration of (NH4)2SO4
can be measured accurately, the copolymer concentration
can be calculated by determining the refractive index of a
phase at 25 °C and subtracting the contribution of salt.
The formaldehyde reaction mechanism19,20 was used to
measure the (NH4)2SO4 concentration,
A 0.1 M standardized NaOH solution was used to titrate
the sulfuric acid produced, using phenolphthalein as
indicator. The analysis showed that the presence of copoly-
mer did not interfere with the determination, and the
accuracy of the titration was within 0.4%. A tie line
measured by this methodology was also verified by using
a combination of freeze-drying and refractive index mea-
surements. The latter methodology has been widely used
in the literature9,21 and was adopted for the determination
of Ucon + PVA 10000 + water, Ucon + PES100 + water,
and PEG + PVA 10000 + water phase diagrams in this
study. Using the system’s overall mass balance and a
calibration equation for the refractive index, a set of two
equations was obtained and allowed the determination of
the polymers’ concentrations. All mass measurements were
done in a balance from Adam Equipment Co, Lda (ADA
180) with a (0.1 mg uncertainty. The uncertainties of the
mass fractions of the polymers and (NH4)2SO4 were 0.001
for Ucon + (NH4)2SO4 + water systems and 0.004 for the
Table 1. Phase Compositions, Plait Points, Tie-Line Slopes, Standard Deviation (ó), and the Medium of the Tie-Line
Slopes of the Ucon 50-HB5100 (Mr ) 3900) (w1) + (NH4)2SO4 (w2) + Water (w3) Two-Phase Systems at Three Temperatures
total compositions top phase bottom phase
100w1 100w2 100w1 100w2 100w1 100w2 slope ó medium
t ) 22 °C
10.01 6.55 26.52 3.04 2.06 8.45 -4.54 0.133
16.14 5.80 30.72 2.56 1.34 9.36 -4.32 0.099 -4.24
16.96 6.20 34.72 2.14 0.91 10.20 -4.20 0.104 (0.24
18.91 6.98 39.67 1.68 0.38 11.81 -3.88 0.023
plait point 10.80 5.32
t ) 30 °C
12.03 4.00 6.08 4.94 19.66 2.88 -6.60 0.138
12.06 4.50 2.89 6.04 27.00 2.22 -6.33 0.164 -6.19
12.05 5.00 1.96 6.72 31.51 1.84 -6.07 0.075 (0.32
12.03 5.52 1.30 7.43 34.96 1.56 -5.74 0.042
plait point 11.80 3.77
t ) 40 °C
10.09 2.57 4.94 3.09 27.72 1.24 -12.50 0.735
10.00 3.50 1.92 4.30 38.41 0.95 -10.95 0.200 -10.29
9.95 4.47 1.05 5.50 45.73 0.76 -9.48 0.178 (1.60
10.02 5.51 0.60 6.82 51.03 0.63 -8.22 0.210
plait point 14.00 1.86
TLL ) x(w1T - w1B)2 + (w2T - w2B)2 (1)
2(NH4)2SO4 + 6HCHO )
N4(CH2)6 + 2H2SO4 + 6H2O (2)
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three polymer + polymer + water systems. For each
concentration, the experiments were done in duplicate.
Results and Discussion
Ucon + (NH4)2SO4 + Water ATPS. The liquid-liquid
equilibrium data of the Ucon-(NH4)2SO4 system at 22, 30,
and 40 °C were given in Table 1, as well as the plait points
and the tie-line slopes (regression was made for each tie
line). Figure 1 showed the phase diagrams, Figure 2
presented the binodals at different temperatures, and
Figure 3 presented the comparison of the phase diagram
of the Ucon + (NH4)2SO4 + water system at 22 °C with
that of the EOPO 4000 + (NH4)2SO4 + water system at 25
°C.22
It was found that the standard deviation of the tie-line
slopes at 22 and 30 °C is around 0.1 (see Table 1). The
system at 40 °C presents a standard deviation of about 0.2
for three tie lines and 0.7 for one tie line. In addition,
increasing the temperature decreases the medium value
of the slopes, indicating the increasing of the asymmetry
of the diagrams.
As shown in Figure 2, the higher the temperature, the
lower the polymer and salt concentrations for the formation
of two phases. The salt concentration in the salt rich phase
can sharply decrease to about 0.3 M for the phase diagram
at 40 °C. From the comparison in Figure 3, it was found
that the binodal of the Ucon + (NH4)2SO4 + water system
at 22 °C was very close to that of EOPO 4000 + (NH4)2SO4
+ water at 25 °C,22 indicating that the small differences
in the copolymers and temperatures had a negligible
influence on the binodal. However, the tie lines for these
two systems showed differences in the top phase composi-
tions.
This new aqueous two-phase system is similar to the
well-known poly(ethylene glycol) + salt + water systems
most frequently used. However, if the polymer molecular
weights and temperatures of the systems are kept the
same, only about half of the salt concentration is required
for the formation of two phases for this new system, which
benefits the process economics. For example, for the
formation of two phases with equal volumes, the minimum
salt mass fraction required for PEG 4000 + (NH4)2SO4 +
water ATPS at 20 °C9 is about 0.1, and it is only 0.05 for
this new system.
In addition, since Ucon is a random copolymer of ethyl-
ene oxide and propylene oxide, it shows characteristics of
thermoseparating with water when temperature increases
to 47 °C. These characteristics can also be used for the
recycling of this copolymer from the polymer rich phase.
In general, this new phase diagram has the characteristics
of low salt concentration, thermoseparating polymer, and
phase inversion at higher operation temperatures (30 °C
Figure 1. Phases diagrams of the Ucon + (NH4)2SO4 + water
system: (a) 22 °C; (b) 30 °C; (c) 40 °C; (9) binodal; (b) total
composition.
Figure 2. Binodals for the phase diagrams of the Ucon + (NH4)2-
SO4 + water system at 22 °C (B), 30 °C ([), and 40 °C (9).
Figure 3. Binodal (9) and tie line (s) for the system Ucon +
(NH4)2SO4 + water at 22 °C. Binodal (b) and tie line (- - -) for the
EOPO 4000 + (NH4)2SO4 + water system at 25 °C.22
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and above), which makes it a flexible and promising phase
system for separation of biomaterials. Because of this, this
system has been17,18 and will be used in the separation of
proteins at increasing attention.
Ucon + PVA 10000 + Water and Ucon + PES 100 +
Water. The phase diagram data for the Ucon + PVA 10000
+ water system at 22 °C were presented in Table 2 and
Figure 4. The standard deviation for the slope of each tie
line is lower than 0.04.
The phase diagram of the Ucon + PES + water system
at 22 °C was shown in Table 3 and Figure 5. The standard
deviations for the tie-line slopes were found to be 0.03.
Similar phase diagrams (see Figure 5) were obtained in
the literature,17,23 using either Ucon or Breox 50A1000 to
construct ATPS at 20 °C with PES 100. Breox 50A1000 is
another 50% EO-50% PO copolymer that is very similar
to Ucon but has a different source. Some difference in the
compositions of the bottom phases was found between the
phase diagram in this work and those found in the
literature. The data17,23 have smaller amounts of the EOPO
copolymers in the bottom phases. This might be due to the
temperature differences between these phase diagrams and
the experimental errors associated with their determina-
tion.
Both Ucon + PVA 10000 + water and Ucon + PES 100
+ water systems are very similar to the poly(ethylene
glycol) + PES100 + water system,11 where high polymer
concentrations are required to form the two phases.
PEG 8000 + PVA 10000 + Water. The liquid-liquid
equilibrium data of the PEG8000 + PVA 10000 + water
Table 2. Phase Compositions, Plait Point, Tie-Line Slopes, Standard Deviation (ó), and the Medium of the Tie-Line
Slopes of Ucon 50-HB5100 (Mr ) 3900) (w1) + Poly(vinyl alcohol) 10000 (PVA 10000) (w2) + Water (w3) Two-Phase Systems
at 22 °C
total compositions top phase bottom phase
100w1 100w2 100w1 100w2 100w1 100w2 slope ó medium
10.47 9.95 12.73 6.50 2.14 19.59 -0.82 0.044
13.23 10.65 19.31 2.79 1.74 24.51 -0.81 0.014 -0.81
11.04 10.97 16.17 4.13 1.80 21.78 -0.82 0.028 (0.02
13.27 11.80 20.67 2.23 1.68 27.03 -0.77 0.003
plait point 6.00 13.00
Table 3. Phase Compositions, Plait Point, Tie-Line Slopes, Standard Deviation (ó), and the Medium of the Tie-Line
Slope of Ucon 50-HB5100 (Mr ) 3900) (w1) + Hydroxypropyl Starch (PES 100) (w2) + Water (w3) Two-Phase Systems at 22
°C
total compositions top phase bottom phase
100w1 100w2 100w1 100w2 100w1 100w2 slope ó medium
4.73 12.08 5.99 8.84 2.36 16.73 -0.46 0.033
8.04 12.94 12.36 3.50 1.75 26.03 -0.47 0.006 -0.46
6.27 13.41 9.46 5.87 1.93 23.03 -0.44 0.079 (0.01
7.09 13.92 11.42 4.27 1.8 25.07 -0.46 0.007
4.50 15.02 8.22 6.76 2.07 19.92 -0.47 0.012
plait point 3.69 12.30
Table 4. Phase Compositions, Plait Point, Tie-Line Slopes, Standard Deviation (ó), and the Medium of the Tie-Line
Slopes of PEG 8000 (w1) + Poly(vinyl alcohol) 10000 (PVA 10000) (w2) + Water (w3) Two-Phase Systems at 22 °C
total compositions top phase bottom phase
100w1 100w2 100w1 100w2 100w1 100w2 slope ó medium
4.3 9.3 6.2 6.0 2.9 11.7 -0.58 0.0021
4.8 9.9 8.1 3.8 2.0 15.0 -0.54 0.0023 -0.55
5.3 10.5 9.3 3.0 1.5 17.5 -0.54 0.0027 (0.02
6.0 11.9 11.1 2.4 1.3 20.8 0.53 0.0025
plait point 8.00 4.10
Figure 4. Phase diagram of the Ucon + PVA 10000 + water
system at 22 °C: (9) binodal; (b) total composition.
Figure 5. Phase diagram of the Ucon 50-HB-5100 + Reppal PES
100 + water system at 22 °C: (9) binodal; (b) total composition;
(- - -) binodal for the Ucon 50-HB-5100 + Reppal PES 100 + water
system at 20 °C;17 (- â -) binodal for the Breox PUR A1000 + Reppal
PES 100 + water system at 20 °C.23
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system were given in Table 4 and Figure 6. The standard
deviation for the slope of each tie line was about 0.0025.
In the same figure, the binodal curve for the PEG 20000 +
PVA 10000 + water system was also shown for compari-
son.24 Since PEG 8000 has a smaller molecular weight than
PEG 20000, the formation of two phases occurs at higher
polymer concentrations for the PEG 8000 + PVA 10000 +
water system. This system has been successfully utilized
for the purification of endo-polygalacturonase in our labo-
ratory.21
Conclusions
The phase diagrams of Ucon + (NH4)2SO4 + water, Ucon
+ PVA 10000 + water, Ucon + PES100 + water, and
PEG8000 + PVA 10000 + water systems were determined.
It has been shown that the thermoseparating polymer is a
good alternative to be used as one of the phase-forming
species in aqueous two-phase systems. For the Ucon + salt
+ water system, the phase formation is temperature-
dependent and the phases can be inversed by increasing
the temperature to change the densities of the phases. For
the formation of two phases, this system also requires much
lower amounts of polymer and salt than conventional
systems. These characteristics make Ucon + (NH4)2SO4 +
water ATPS a promising, versatile, and attractive system
in the field of bioseparation. Although PVA 10000 is not
suitable for recycling on the industrial scale, the presence
of Ucon + PVA 10000 + water and PEG + PVA 10000 +
water systems can broaden aqueous two-phase systems and
the applications in bioseparation.
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Figure 6. Phase diagram of the PEG + PVA 10000 + water
system at 22 °C: (9) binodal; (b) total composition for the PEG
8000 system; (2) binodal for the PEG 20000 system.24
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